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Introduction
RFID is entering in a new phase and is said to improve the performance of many agricultural processes. The recent advances offer vast opportunities for research, development and innovation in agriculture. This is the consequence of lowering costs of ownership, engineering increasingly smaller sensing devices and the achievements in radio frequency technology and digital circuits.
Also, RFID shows several differences and advantages over previous technologies like barcode. RFID tags do not require direct line of sight to the reader and thus can be embedded in a item, placed inside the packing or injected inside the body of animals (Finkenzeller, 2004) . RFID has longer reading range than barcodes; they can be read at dozens or even more than 100 m of distance. RFID readers can interrogate, or read, tags much faster; read rates of more than 100 tags per second are possible (new developments promise up to 1000 tags per second). RFID tags have write memory capability (5 tags per second) and can store data; up to 4 kB in passive, 1 MB in active tags (ECPGlobal, 2008) .
The first applications were developed just for identification; however, growing interest in other possible applications has led to the development of a new range RFID devices outfitted with sensors that extend the range of application (Want, 2004) . Current temperature monitoring systems like strip chart recorders or temperature dataloggers are usually expensive and not automated, thus requiring manual inspection. RFID devices are more accurate and can be read without the need of visual contact (Abad et al., 2009 ). There are commercial active and semi-passive tags that can collect temperature information (Amador et al., 2008; Jedermann et al., 2009 ). Other semi-passive tags outfitted with sensor are under development, like humidity (Chang et al., 2007; Abad et al., 2009) , shock/vibration (Todd et al., 2009) , light (Cho et al., 2005; Abad et al., 2009) , pH (Murković and Steinberg, 2009 ) and concentration of gases, such as acetaldehyde or ethylene (Vergara et al., 2006) . Biosensor tags are also being investigated. These tags could be used for detecting bacterial contamination on food products along the supply chain (Wentworth, 2003) .
The aim of this paper is to review the numerous applications that utilize RFID in agriculture and food industry and to classify them in appropriate categories. The analysis of their characteristics and contributions could be useful for perceiving new applications or relevant research opportunities.
The current applications of RFID in agriculture are detailed in Section 2, including food traceability, livestock, precision farming and cold chain experiences. Section 3 describes various challenges and limitations, like operation in harsh environments, reading range, management of huge volume of data produced and the level of granularity. Finally, Section 4 states some conclusions about the state of art and the future trends of this technology.
RFID applications in agriculture
The development of RFID applications in agro-food has attracted considerable research efforts in the last years. However, some areas have been developed faster than others. For example, there are several applications in livestock or cold chain monitoring and just a few in farm machinery (see Tables 1 and 2 ). Fig. 1 and Table 2 show the applications included in this paper, classified by topic, power source and frequency. Both passive and active tags are being used in Agriculture. Passive tags only give information about identification and tracking, for sensing applications it is necessary to use semi-passive or active tags.
Choosing the right frequency: Despite the fact that some of the authors do not specify the frequency of the systems, we found the higher amount of applications at LF (Low Frequency) and UHF (Ultra High Frequency) bands. The LF band is used mostly for implants in trees and animal identification systems, according to the ISO 11784 and ISO11785 standards. UHF frequencies typically offer better range and can transfer data faster than lowand high-frequencies. But they use more power and are less likely to pass through materials. The use of other frequencies than 2.4 GHz avoids interference from water and the metal, and thus is typical for irrigation, greenhouse or cold chain applications. Low-Frequency tags use less power and are better able to penetrate non-metallic substances. In general, the higher the frequency, the longer the communication range, and the faster the communication, this means that more data can be transmitted. In near field applications where is possible to have lots of tags it might be better to have a tag with low read range to avoid false positive reads. In other applications, like crop monitoring, it is better to choose a long read range to optimize the read performance (see Table 3 ).
Food traceability
RFID has been successfully applied to traceability control and supply chain management processes because of its ability to identify, categorize, and manage the flow of goods (Jones et al., 2004; Angeles, 2005; Twist, 2005; Attaran, 2007; Ngai and Riggins, 2008; Sarac et al., 2010) . The use of the EPC (Electronic Product Code) standard improves the efficiency in the supply chain and allows the exchange of information between different companies. The lowering cost of RFID will provide the opportunity to track Laniel et al. (2010) Intermodal transport A system for intelligent containers combining wireless sensor networks and RFID Jedermann et al. (2006) Intermodal transport 3-D mapping of RFID signal strength inside a 12 m (40') refrigerated marine container Laniel et al. (2008) and trace not only large and expensive products, but small and cheap ones, creating a new generation of intelligence products (Meyer et al., 2009 ). This traceability control can be improved implementing RFID in combination with mobile phones and web based network computing (Sugahara, 2009) . Also, the concept of ''cold traceability'' has been introduced to trace groups of temperature-sensitive products are transported in different atmosphere requirements . The link between RFID sensing devices and improved cool chain management methods such as the Quality Oriented Tracking and Tracing Systems (QTT) offer new features (Scheer, 2006 ). An example of this approach is the Safety Monitoring and Assurance System (SMAS) that was developed to reduce customers' risk of consuming microbiologically contaminated meat (Koutsoumanis et al., 2005) . A retailer that knew which of the cases had the shorter shelf life could put it out before the one with the longer shelf life. This is known as FEFO (First Expire, First Out) (Emond and Nicometo, 2006) .
Another possibility of improving the traceability in the food supply chains is the integration of RFID in packaging. Embedding an RFID inlay within the structure of a package, corrugated case or folding carton allow the development of ''smart packaging'' (Yam et al., 2005) . However, readability tests show that RFID would be affected by aluminum, cardboard, glass, and even stretch and bubble wrap. Also, if a corrugated cardboard gets wet, the read rates for tags on or in the boxes fall more than 50% (Roberti, 2005) . (Ngai et al., 2007) Intermodal transport (Laniel et al., 2008) Horticulture (Ampatzidis and Vougioukas, 2009) Intermodal transport (Laniel et al., 2008) Semi-passive Climate monitoring (Hamrita and Hoffacker, 2005) Intermodal transport (Jedermann et al., 2006) Cold chain (Gras, 2006; Abad et al., 2009; Amador et al., 2009; Jedermann et al., 2009) Cold chain (Amador et al., 2009) Food Chain (Amador and Emond, 2010) Cold chain (Amador et al., 2009) Active Intermodal transport (Laniel et al., 2008) Cold chain (Gras, 2006) Precision agriculture (Vellidis et al., 2008) Automatic machine identification (Sjolander et al., 2011) Fig. 1. RFID applications in agriculture by power source and frequency. 
Animal identification and tracking
Modern animal production has changed in recent years due to the use of precision tools. Results of recent research have been used as inputs to preventive diagnostics and development of decision-making software in several areas, as well as to predict events. This section provides information on current RFID animal tracking technology, how it works, current applications, and possible future directions.
In a global environment, awareness, fear and recognition of animal borne diseases (e.g. bovine spongiform encephalopathy, foot and mouth disease) have fuelled the development and implementation of reliable and effective systems for individual identification and tracking of livestock. Due to the fast movement of animals and animal food products, it is essential for the administration to be able to have ''rapid trace-back'' capability. Permanent identification also helps the farmer to manage more animals to be cost effective, provides better proof of ownership to reduce stock theft and improves transparency maintaining consumer confidence in animal products (Trevarthen, 2007) .
RFID systems have been effective tools in identifying, tracking and monitoring livestock. Since the first patents were developed (Hanton and Leach, 1981; Morrison and Curkendall, 2001 ), electronic identification of cattle with RFID has been more and more used and now is a common practice in many farms (Munak, 2006) . The development of a clear family of standards have helped this adoption (ISO, 1996 (ISO, , 2003 (ISO, , 2004 ). An RFID system can also track livestock transportation being faster, cleaner and easier than the conventional systems. A recent study shows how RFID can give transparency in poultry shipments, detecting unauthorized openings and recording the timestamp of each checkpoint passed along the path of transportation (Chansud et al., 2008; Wisanmongkol and Pongpaibool, 2009) .
Traditional forms of animal identification are considered inferior in comparison to RFID technology (Trevarthen, 2007) . Traditional ear tags are lost 5-60% of the time, while brands or tattoos on cattle can be damaged or fade away. Traditional systems require visual detection and must be recorded manually, which can easily introduce human errors, while the labor cost of such a practice is also high. Reading errors are estimated to occur in six of every 100 animals processed via traditional mechanisms, while RFID devices are estimated to produce only one error for every 1000 animals (Trevarthen, 2007) . There are four basic ways for attaching RFID transponders to the animals: collar transponder, ear tags, injecting tiny glass transponders under the animal's skin, or via a 'bolus' where the RFID transponder is mounted within an acid resistant, cylindrical housing which is inserted permanently within the animals stomach (Finkenzeller, 2004) . New developments achieve smaller tags of just a couple of centimeters and with a reading range of 1 m (Mun Leng et al., 2005) .
In combination with herd management software, RFID animal identification systems can include detailed information like records of medical treatments, animal growth performance data, pasture performance data, movement of animals, purchase and sale dates, and carcass feedback data. The reader can be connected to a remote host computer, providing and effective data collection and database management methodology sharing data between the producer, the stockman, the packer or the veterinarian (Curkendall, 2002) . Also, through the use of electronic animal identification subsidies based on the number of animals or their genetic background can be allocated properly, electronic feeding stations can be implemented or tracing back of stolen stock (Voulodimos et al., 2010) .
Last studies allow simultaneous animal identification of small animals like piglets, using anti-collision systems that bring multiple access handling and prevent the collision of transponder data within the reading range of a RFID reader, which would render data unreadable (Reiners et al., 2009 ).
Other livestock applications
RFID has been used as a new technique for measuring core body temperature. RFID sensing devices can be injected into the animal (under the skin), and provide temperature readings when interrogated by an RFID reader (Opasjumruskit et al., 2006) . Application tests have been performed in horses (Marsh et al., 2008) , poultry, beef and dairy cattle, showing good accuracy, resolution and response time for temperature measurement (Brown-Brandl et al., 2003) . Manufacturers are looking to improve this technology in the future, in order to provide information on an animal's hormonal changes, blood pressure and even possibly disease identification (Hostettor, 2003) . Also, the chewing and ruminating behaviors can be studied by the implementation of wireless automatic systems, addressing the dietary factors affecting normal rumen function of dairy cows (Kononoff et al., 2002; Schirmann et al., 2009 ).
Precision agriculture
The development of RFID applications in precision agriculture makes possible to increase efficiencies, productivity and profitability while minimizing unintended impacts on wildlife and the environment, in many agricultural production systems. Moreover, the real time information from the fields will provide a solid base for farmers to adjust strategies at any time. Instead of take decisions based in some hypothetical average condition, which may not exist anywhere in the reality, a precision farming approach recognizes differences and adjusts management actions accordingly (USC, 2006) . Since installation of RFID is easier than existing wired solutions, sensors can be more densely deployed to provide local detailed data. For this purpose, Hamrita and Hoffacker (2005) developed a lab prototype for wireless measurement of soil temperature. The system was based in a commercial 13.56 MHz RFID tag. Measurements showed a high correlation (greater than 99%) with those obtained using a thermocouple (Hamrita and Hoffacker, 2005) . Vellidis et al. (2008) used active tags of 2.4 GHz for the developed ''smart sensor nodes'' that included an array of soil moisture and temperature sensors (Vellidis et al., 2008) . This type of information is very important for scheduling irrigation, because instead than irrigating an entire field in response to broad sensor data, each section could be activated based on local sensors.
In greenhouses, RFID can be used for tracking items like pots (Barge et al., 2010) or for remote sensing like Yang et al. (2008) did. Their system incorporated RFID technology with spectral imaging and environmental sensing in a greenhouse. Greenhouse temperature, relative humidity, and lighting conditions were measured above the crop (Yang et al., 2008) .
Where GPS data may be unavailable due to foliage, like in orchards, RFID can be used for matching bins harvested fruits with corresponding trees, during harvesting in orchards (Ampatzidis and Vougioukas, 2009 ). For tree identification, tags can also be implanted in the trunks without significant effect on plant health, growth and production. These tests have been done in citrus, grapevine plants and Prunus spp. (Bowman, 2010; Luvisi et al., 2010a; Luvisi et al., 2011) . The marked plants can be monitored, and will be able to supply some information, including identity, growth parameters, susceptibility to biotic stress factors and productivity. All information is available by a website accessing a database, guaranteeing that users can use online access to retrieve information (Luvisi et al., 2010b) .
RFID implemented in off-road vehicles, such as tractors or combine harvester, can allow exchanging data with static infrastructure or with other vehicles, creating mobile RFID systems and helping fleet management (Sjolander et al., 2011) . The tags can be also attached to the products (seeds, fertilizers, pesticides, etc.) and the readers installed in the machinery, detecting what is put into the implement's hopper or tank. Transparency is gained for the purpose of quality assurance, knowing which fertilizer was spread or when, and which pesticides or insecticides were used (Watts and Miller, 2002; Peets et al., 2009 ).
Cold chain applications
Every day, millions of tons of temperature sensitive goods are produced, transported, stored or distributed worldwide. For all these products the control of temperature is essential. Several applications for monitoring cold chain logistics by means of RFID have been reported. The majority are oriented to perishable food products. Here are the most representative to our knowledge.
The use of microbial growth models combined with information from active RFID has been faced. These models allow the prediction of microbiological safety and quality of foods, by monitoring the environment without recourse to further microbiological analysis. Thus immediate decisions on the quality and/or safety of fresh produce can be made based on the temperature profile of the supply chain (McMeekin et al., 2006) . Ogasawara and Yamasaki (2006) reported a cold chain solution that uses RFID tags with embedded temperature sensors. It also introduced a temperature-managed traceability starter kit that contributes to effective risk management by easily enabling consistent temperature management throughout transportation processes (Ogasawara and Yamasaki, 2006) . Gras (2006) monitored a cold chain of frozen goods using semi-passive and active RFID instrumented with temperature sensors. The experimental work covered four steps of the cold chain: production, transportation, storage and delivery (Gras, 2006) .
Environmental temperatures can differ depending in the location of the logger, packing material or heat dissipation of the product (Moureh et al., 2002; Raab et al., 2008) . In a refrigerated transport the tags can be installed in the walls, the pallets or the boxes. Jedermann et al. (2009) monitored 16 trucks putting the tags in the wall. They used 13.56 MHz semi-passive tags instrumented with temperature sensor (Jedermann et al., 2009) . If the tags are inside the pallets, an critical issue is the readability. Amador and Emond, 2010 studied the readability of different tag configurations inside pallets of military meals, achieving a RFID temperature tracking system, able to monitor 85% of the temperatures of the pallet (Amador and Emond, 2010) . Other studies, like Amador et al. (2009) or Abad et al. (2009) installed the tags in the boxes, reading the tags without the need of opening and obtaining more accurate measurements (Abad et al., 2009; Amador et al., 2009 ). However, the most accurate one is the temperature of the product and it is possible to measure it using temperature tags with probes (Amador et al., 2009 ).
Today's regulations do not allow RFID to be utilized inside aircrafts during flight, but the need for real time cold chain management is pushing the air cargo industry to investigate the capabilities of this technology. In this framework, the interactions between RFID and air cargo container materials have been studied doing test with five different aircraft containers (Aluminum, Duralite, Herculite, Kevlar Ò and Lexan Ò ) and 3 frequencies (433 MHz, 915 MHz and 2.45 GHz) (Laniel et al., 2010) .
In the intermodal transportation, the performance of radio waves inside metal enclosed areas was studied. Laniel et al. (2008) focuses on the 3-D mapping of RFID signal strength inside a 12 m (40 0 ) refrigerated marine container. Results shown that wave propagation was significantly higher at 433 MHz than at 915 MHz or 2.4 GHz (Laniel et al., 2008) . At 433 MHz the wavelength is approximately a meter, enabling signals to diffract around obstructions. At 2.4 GHz the diffraction is very limited and therefore not recommended for most cold chain applications which are in crowded environments (Technologies, 2008) .
Challenges and limitations
RFID itself is not a very new technology, but its commercial use is very recent. Thus, implementing RFID involves a multitude of challenges.
Harsh environments
In agricultural applications, RFID is often exposed to harsh environments with excessive dirt, dust, moisture, and they must function in both extreme heat and cold, from À30°to 70°. Haapala (2008) validated the performance of electronic identification tags for animals, under extremely cold temperature (À25°C) (Haapala, 2008) . Moreover, in the food industry tags should withstand the pasteurization process, boiling point temperatures, X-ray and gamma radiation, which is commonly used for sterilization. Advances in RFID make the technology more useful to food processors with new developments, like the gamma sterilizable tags now available, with a resistant up to 500 kilogray (kGy) of gamma energy (Andrechak and Wiens, 2008).
Huge volumes of data
One limitation might be that these monitoring systems create huge volumes of data that are difficult to manage, causing a huge increase in the daily volume of data in a corporate information technology system. An RFID implementation can generate 10-100 times more information than traditional barcode technology. Database administrators need to be able to deal with the potential stresses on the databases, both in terms of speed and volume. Thus, the solution lies in implementing a decentralized data management system. Data can be pre-processed and duplicate information eliminated close to their point of origin by intelligent systems, which could be sited at the level of the tag or reader (Roberti, 2003; Ruiz-Garcia, 2008 ).
Reading range
The read range performance of tags differs extraordinarily. Radio propagation in real environments is complex due to multipath propagation, shadowing and attenuation. In agriculture, the radio frequency faces challenges due to placement of nodes for wide-area mesh coverage and reliable link quality above crop canopies. RFID must be able to operate in a wide range of environments such as bare fields, vineyards, orchards, from flat to complex topography and over a range of weather conditions, all of which affect radio performance (Andrade-Sanchez et al., 2007) . In these situations, the link power budget is dependent on crop growth and terrain in addition to more common factors such as node spacing and antenna height (Tate et al., 2008) . For applications inside buildings like burns, greenhouses or warehouses, the radio signal has to go through many objects like walls, windows, pallets, machines, etc. which also cause a significant reduction in signal strength.
Fault detection and isolation
An important research topic that must be faced is fault detection and isolation. In a remote sensing application it is essential to detect the erroneous measurements. False reads can be done as a result of radio waves being distorted, deflected, absorbed, and interfered with. Wrong information provided by the monitoring system should be identified and skipped. Also the implementation of artificial intelligence in the core of the system can block the transmission of erroneous data (Angeles, 2005) .
Physical limitations
Another important issue is to deal with the physical limitations of RFID. Metals and liquids inhibit the propagation of electromagnetic waves. This is particularly true for UHF and microwave frequencies (2.4 GHz). Some temperature sensitive products such as fruits, vegetables or juices have high water content, sometimes more than 90%. As a result, performance can be affected by the item on which the tag is attached (Angeles, 2005; Ruiz-Garcia, 2008) . However, reflections and product dimensions are important for liquid and dielectric materials as well since much of the power loss occurs at the interfaces between air and the medium (Fletcher et al., 2005) . Moreover, the last generation of Class 4 RFID tags can be configured in a mesh network. In this type of network, the tags can communicate each other to get to a reader circumventing environmental obstacles and extend the size of the system (Engels and Sarma, 2005) . Tables 4 and 5 ), but the situation is complicated. There is a proliferation of incompatible standards with major RFID vendors offering proprietary systems. For example, in the case of UHF, in Europe the bandwidth ranges from 865 to 868 MHz, in USA from 902 to 928 MHz and China has approved two different bandwidths, one from 840.25 to 844.75 MHz and the other one fro, 920.25 to 924.75 MHz (Roberts, 2006) .
Standards

RFID and EPCglobal have defined a series of standards (see
The lack of uniformity in global standards makes the RFID implementations more difficult. Conventional readers do not read tags at different frequencies. Thus, managing multiple readers and related hardware can be a challenge, especially across multiple facilities. However, a new generation of multi-frequency readers has been developed recently. These readers are called ''agile'' and can operate at the same time at different bands (Mallison, 2005) .
Level of granularity
The level of granularity is a limitation in most of the applications. Normally three levels of granularity are considered: pallet, case or item-level. The primary advantage of case or item-level tagging over pallet-level tagging is more detailed and accurate information, since each pallet in a load and each carton on a pallet can experience temperature variations. Instead of reject an entire shipment goods can be considered on a pallet-by-pallet or case-by-case basis. But high granularity also means much more tags to handle with, higher costs and huge data to be processed (Angeles, 2005) .
Cost
Cost is a major hurdle in the widespread use of RFID technology in agriculture. An average RFID costs roughly 20-30 cents per tag, which is too costly for some products with only 50 cents value such as fruits and vegetables. They are still expensive as compared to a barcode label, which costs less than 1 cent. Thus, this higher cost of RFID makes it uneconomical to incorporate tags into every retail item (Roberts, 2006) .
Lack of skilled personnel
The lack of skilled personnel is another limitation in many agricultural implementations. Many companies have no qualified personnel for this purpose; there is a shortfall between the supply of talent and the market demand. The expansion of RFID in agriculture requires more agriculture engineers, computer scientists and technicians with RFID skills.
Information sharing
Information sharing is probably one of the greatest challenges, but is essential for achieving a trustable and efficient traceability control in Agriculture. Obtaining the required level of trust and cooperation across the supply chain, collaboration with supply chain partners both up and down the chain, is necessary. However, there is a strong resistance to share information on applications that depend on data from various trading partners, information sharing issues must be resolved to achieve maximum benefit.
Integration with chemical sensors
One of the current challenges in smart tags is the integration of chemical sensors onboard of flexible tags (Abad et al., 2009 ). In the case of fruit logistics, volatile compounds like ethanol and ethylene are very important to detect and quantify (Ruiz-Garcia, 2010) . Resistive sensors such as Metal Oxide Sensors (MOS) for volatile evaluation have been developed into commercial MEMS (Microelectromechanical systems) by means of the development of Ultra Low Consumption Hot plates which allow the reduction of the size of the sensor and thus the power required for proper operation. But this technology has it main drawback in the lack of specificity of sensor (Wise, 2007) . Vergara et al. (2006) developed an RFID reader with onboard micro-machined metal oxide gas sensors aimed at monitoring concentration of gases, such as acetaldehyde or ethylene during fruit transport and vending. The developed platform integrates a (Vergara et al., 2006) .
Recycling issues
As the use of RFID grows, the potential environmental impact of this kind of devices should be taken into account (Roberts, 2006) . There is a need of specific recycling programs. Moreover, when RFID tags are attached or embedded within products and not properly removed, the effects on the recycling process could be serious. Adhesives, computer chips, pieces of metal from antennae, and conductive inks of an RFID tag can affect the process of recycling paper, glass, plastic, and metal (Foley, 2006; Thomas, 2008) .
Conclusions and future trends
While the technology has been available for several decades, the 21st century has marked the beginning of a new era in RFID development and usage. Actually, the applications of RFID in agriculture are many and varied. Some of them, like traceability control or livestock identification, are very common and widespread. However, a significant proportion of RFID deployments in other fields remain exploratory.
Despite all the challenges and limitations, the use of RFID in agriculture and food industry provides new features that have the potential to be an economically viable, speeding up operations and improving data accuracy. The value of technology can be best realized when integrated with agronomic knowledge, using the information gathered in the improvement of decision support systems. Also improving operations by providing early warning of equipment failure and a predictive maintenance tool, improving energy management, providing automatic record-keeping for regulatory compliance, eliminating personnel training costs or reducing insurance costs. The collaboration and synergy of sensing, processing, communication and actuation is the next step to exploit the potential of these technologies.
From 2004 to 2011 the evolution of RFID technology has been developed very fast, adding new features to traditional automatic identification and data capture applications. An important benefit of the systems is the visibility that it can give along the food chain. Measurements obtained are consistent and provide valuable information on the conditions encountered during the life cycle of the products. Another advantage is providing effective support in legal situations as well as safety inspections.
RFID is still a relatively young market with good growth potential. The number of applications is expected to grow in the next years. As a general trend, innovation rather than cost reduction has become the driver for RFID adoption. Industry and academic research and development on RFID will continue in the near future. Focusing in the most important needs, like: improving readability of RFID tags in any situation, developing low cost RFID tags (less than 1 cent), proper integration of RFID data collection with decision support tools, evolution of the standards (including ISO and EPC), longer battery life in active tags, more variety of sensors and improved processing capabilities.
